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Introduction

Friction stir welding (FSW) is a solid-state joining
technique invented in 1991 at the Welding Institute
[1]. The principle of the welding is rather simple. A
rotating tool penetrates the working piece, moves
along the joint to be consolidated, and performs the
welding. During the process, the material in contact
with the tool and its environment undergoes plastic
deformation at elevated temperatures [1]. The tech-
nique has interesting applications in aerospace,
automotive, and shipbuilding industry [2]. The FSW
process can be used to weld materials which are
difficult to weld by means of traditional welding
techniques. It is a useful technique to weld dissimilar
materials in order to reduce weight of structures and
combine interesting properties, for example, low
density and high mechanical strength. Examples of
materials which are being joined with this technique
are Mg/steel [3, 4], Al/Ti [5], Al/Mg [6], Fe/Al[7, 8],
and Al/Cu [9].

Numerous studies concerning FSW are focused on
the characteristics of the welded region and the
general performance of the piece. The studies
describe residual stress measurements, microstruc-
ture characterization, mechanical properties, and
corrosion behavior [4, 9-14]. It is well established that
the welded region is highly affected by the process
and there is an evolution of the microstructure (grain
size, texture, morphology) due to the intense plastic
deformation and high temperatures [1]. Other mod-
ifications of starting materials dwell in the formation
of new phases during the process. When welding
dissimilar materials, intermetallic compounds (IMC)
can be formed. An intermetallic compound can be
present as dispersed particles in the stirred material
and/or at the welding interface as a continuous layer
or in intercalated layers [7, 15]. Intermetallic com-
pounds are as a rule brittle and deteriorate physical
and chemical properties of materials [16]. For such
reasons, the welding process parameters have to be
carefully optimized in order to obtain a correct
amount of intermetallic phases, which ensure the best
performance of the piece.

Different studies concerning the FSW of aluminum
alloys and steels have been reported in the literature
[8, 17-24]. In particular, the study of the microstruc-
ture of the welding region and the type and thickness
of IMC formed are useful to understand the quality of
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the bonding. Bozzi et al. [25] concluded that the
thickness of the IMC layer must be limited to a few
pm in order to have good weld strength. In this study
FeAls, Fe,Als, and FeAl, were identified in the IMC
region. Kimapong and Watanabe [26] studied chan-
ges in mechanical behavior and type of intermetallic
compounds as depending on the welding parame-
ters. They concluded that, from all Fe-Al identified
compounds, FeAl; deteriorates mechanical proper-
ties of the joint. Lan et al. [17] reported an IMC layer
which consisted of AlFe or AlzFe depending on the
welding conditions. Springer et al. [27] and Jiang
et al. [28] identified AlsFe, and Al;3Fe; IMC in the
welding region. Huang et al. [29] and Liu et al. [30]
used a spatially designed tool in order to control the
intermetallic layer at the interface; in this way, they
obtained a joint with less defects, thinner interfacial
layer and improved mechanical properties.

The identification of IMC is generally performed
by elemental analysis, while electron diffraction and
X-ray diffraction are employed less frequently. If the
intermetallic contains two elements (Fe and Al),
identification by elemental analysis is rather
straightforward, based on the Fe/Al ratio. When a
third element is present together with Fe and Al, the
situation can be different. The third element could be
dissolved in a binary intermetallic phase, not chang-
ing the crystal structure, or it can form a ternary
compound. The examination of phase diagrams of
some of the Fe—Al-X systems shows the complexity
of the situation. In our study, the relevant elements
are, e.g., Cr, Ni, Mn, and Si, which are present in the
alloys being joined. Concerning Ni, Zhang et al. [31]
studied experimentally the Al-Fe-Ni system with the
Al concentration above 50 at.%. It was determined
that at T = 627 °C the solubility of Ni in Al;zFey,
AlsFe;, and AlyFe is small. Once the solubility limit of
Ni in these phases is exceeded, two ternary inter-
metallic compounds appear, namely AlgFeNi and
AlpFesNi. On the other hand, Krendelsberger et al.
[32] studied the Fe-Al-Si system and found also
ternary compounds in the Al rich corner. At
T =550 °C, the hexagonal phase Al; Fe;Si and
monoclinic AlgFe,Si, are stable. Experimental studies
are also supported by assessment of the phase dia-
grams, which improve the description of ternary
systems [33-35]. These are only few of many exam-
ples which show that alloying elements have to be
considered carefully in order to correctly analyze
new phases formed during the welding process.
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Another aspect, not considered so far extensively,
is the influence of the process in the lower plate
during FSW in the lap or transparent configuration,
which is the one employed in the present work. In
this type of geometry, the two materials to be welded
are superimposed, the softer material is on the top,
the harder material being underneath. During the
welding, the tool penetrates the upper plate entirely.
In addition, the pin tool scratches the surface of lower
plate. As a consequence, the alloy beneath the pin
also undergoes thermomechanical treatment, while
temperature and strain could be sufficient to drive
changes in microstructure.

The objective of the present work is to determine
modifications of the region at the interface formed
during FSW of aluminum 5083 alloy and 316L
stainless steel. Various microscopy techniques have
been employed to characterize the interface between
the welded materials on different scales. New phases
have been carefully analyzed by coupling elemental
analysis with electron diffraction techniques. The
work demonstrates difficulties encountered at phase
identification when more than two elements are
present in the compounds. A special attention is on a
rarely studied modification of the steel microstruc-
ture. The microstructure modifications can be asso-
ciated with recrystallization processes.

Experimental
Experimental setup and materials

The welding of the aluminum alloy and the stainless
steel was performed using a FSW configuration,
inspired by Kimapong and Watanabe [8, 23]. The
chemical analysis of the aluminum alloy and the steel
used in this study, as well as the thickness of the
plates, is given in Table 1.

The tool used for welding is made of tungsten
carbide with a threaded probe with conical shape.
The specific dimensions of the tool and the lap con-
figuration setup are depicted in Fig. la. During the
process, the tool (Fig. 1b) penetrates entirely the
aluminum plate and scratches the surface of the steel.
In the welding region, the aluminum alloy is stirred
by the pin with a 3° tilt. The penetration depth inside
the stainless steel is set at 0.35 mm. In a previous
study [8], the authors worked with a rotation speed
of the tool between 600 and 2100 rpm, and a welding
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Table 1 Chemical composition of the alloys (wt%) and thickness
of the plates at the welding position

Aluminum 5083 (Al balance)—plate thickness 4.85 mm

Mg Si Fe Cu Mn Cr Zn Ti

4.0-49 040 040 0.10 0.25 0.05-0.25 020 0.15
Stainless steel 316L (Fe balance)—plate thickness 3.5 mm

C Si Mn Cr Ni Mo - -

0.025 0.40 1.20 16.80 10.10 210 - -

speed in the 10-100 mm-min~' range. In the present
work, the parameters were chosen to have a sound
weld in which the defects are minimized and the
mechanical properties are optimized. For more
details concerning mechanical properties and weld-
ing conditions, one can see [8].

Material characterization

The welding region was analyzed using optical and
electron microscopy methods. Two scanning electron
microscopies (SEM) were used, the JEOL system
coupled with BRUKER EBSD camera, and the ZEISS
Auriga Compact equipped with EDAX EBSD camera
and EDS detector. The study of the fine microstruc-
ture of the interface was performed using two
transmission electron microscopes (TEM): a JEOL
2010 and a JEOL 2200FS, all operating at 200 kV. The
samples for SEM observations were prepared by
traditional mechanical polishing, the final polishing
was performed using OPS suspension. Electrolytic
polishing was also undertaken for selected samples
by means of Struers Lectropol using A2 electrolyte.
The thin foils for TEM observations were prepared in
the SEM/ZEISS Auriga Compact equipped with a
focused ion beam (FIB) and easy-lift manipulator
designed for In-Situ Lift-Out thin lamella
preparations.

Results and discussion

Microstructure changes: grain refinement
of aluminum and stainless steel

Macroscopic observation of the welded region
revealed a good weld quality without macroscopic
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Figure 1 $chematic (a) 12 (b)
representation of the lap
friction stir welding
configuration, the dimensions
are in mm (a) and image of the

. pin
tool employed in the present
work (b). shoulder
pin —s 5 14-85 shoulder
3151 i
Al alloy 15 Steel

voids or cracks. Figure 2 captures the macrostructure
of the stirred zone cross section after metallographic
polishing and etching. The region is perpendicular to
the tool path. One can clearly see the structure of the
stirred zone, also called nugget, in the center of the
image. The nugget is characterized by an onion ring
structure which has been already reported for other
aluminum alloys and copper [36-38]. At higher
magnification (not shown here), it can be seen that
some particles are present in the nugget, these small
particles were pulled out by the tool pin from the
steel and spread in the stirred zone. Two long
asymmetric intrusions of steel inside Al are observed,
as well. It has been already reported that the size of
such objects depends on the depth of penetration of ———
the tool. These defects are known as hooks and/or

Al alloy
. stirred zone

s
2%

7 interface
steel

Figure 2 Macrostructure of the welded region after etching with

cold lap defects. Keller’s etchant (1.5%HCI, 2.5% HNO3, 0.5% HF and 95.5%
Several EBSD analyses were performed in the H,0).

nugget region; the one shown in Fig. 3 is located near
the Al/steel interface (highlighted in yellow in
Fig. 2). The structure of aluminum corresponds to a
very fine-grain microstructure of equiaxial grains.
The average grain size in the stirred zone is 5.6 um,
which is at least one order of magnitude smaller than
the grain size in the starting material (x~ 80 pm).
There is a spatial distribution of the average grain
size, which depends on the distance to the alu-
minum/steel interface. This observation is in agree-
ment with previous studies and is related to the
variations of temperature in the stirred zone [1, 39].
The temperature is higher in the region in contact
with the pin shoulder, and the corresponding grain
size is slightly larger in this region. The abrupt
decrease in grain size of Al in the nugget region,
when comparing to the starting metal, can be gener-
ally attributed to a dynamic recrystallization operat-

ing during the welding process [1, 39]. TEM images Figure 3 Map of grains in the aluminum nugget zone as
near the interface of the welding show that the determined by SEM/EBSD.
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aluminum grains are smaller in this region and con-
tain low density of dislocations (Fig. 7). This fact may
be related to an incomplete recovery in this region
[40, 41].

The changes in the microstructure in the stirred
zone are in agreement with other analyses for Al
alloys [27, 39, 42, 43].

The microstructure of the stainless steel is affected
by the FSW process, as well, as seen in Fig. 4. The
impact on the steel microstructure depends on the
distance from the interface. The changes are pro-
gressive and depend on the intensity of the thermo-
mechanical process, which increases when
approaching the aluminum/steel interface. Far away
from the interface, at around 450 pm (Fig. 4a), its
intensity is low. In this region the grains are
deformed, as manifested by a spread in orientation
inside the grains, visible by color variations. When

001
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approaching the interface, at about 300 um, the grains
are more and more elongated and have a higher
spread in orientation, while the deformation of the
grains roughly follows the sense of rotation of the
tool. In some regions, microdeformation bands are
developed over the original grains, and there are also
some high-angle grain boundaries which develop
inside grains and finish inside them, see Fig. 4b
(black arrows). In some grains the deformation bands
are progressively subdivided, with the formation of
new and smaller crystals, Fig. 4b (white arrows). The
formation of new smaller grains occurs both in grains
interiors and at high-angle boundaries. At around
30 pm from the interface, the grains are highly elon-
gated, with a mean transverse grain size which can be
as small as 0.6 um, and aspect ratio as high as 6.5.
Finally, near the interface, where the temperature and
mechanical loading are the highest, sub-micrometer

Figure 4 EBSD map of the microstructure of 316L near the interface: General view (a), detail of the microstructure at 300 um from the
interface (b). HAGB (> 15°) are depicted in black, LAGB (< 15°) in white.
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grains with mixed morphology occur. Some of them
are equiaxial (with a grain size of &~ 100 nm), others
elongated (aspect ratio ~ 3), but always exhibit a
high dislocation density irrespective of their shape
(Fig. 5).

The process induces a very strong grain refine-
ment, near the interface/close to the pin tool path, as
the grain size of steel is more than two orders of
magnitude smaller than the one of original stainless
steel ~ 45 pm. The refinement occurring under
plastic deformation is frequently attributed to
dynamic recrystallization (DRX). Whether a material
undergoes continuous DRX (CDRX) or discontinuous
DRX (DDRX) depends on several factors: the stacking
fault energy of the material, the imposed strain, or the
temperature of the process [44—46].

Austenitic stainless steel is considered as an alloy
with medium to low stacking fault energy (SFE). It
has been reported that the SFE is about 64 m]J/ m?
[47]. The rather low SFE permits the formation of
stacking faults, and in such conditions cross-slip or
climb during deformation is rather difficult. As a
consequence, the re-arrangement of dislocations is
more difficult and defects tend to accumulate inside
the grains.

Concerning temperature measurements in the
vicinity of the stirred region, they are very difficult
because of the intense plastic deformation produced
by the movement of the tool. The temperatures
within and nearby the stirred zone have been esti-
mated by examination of the microstructure of the
welded region, or measured by embedding thermo-
couples in the tool or in the workpiece [1, 48]. In the
present work none of these methods were employed,
but we can reasonably suppose that the maximum

Figure 5 TEM image of the
steel microstructure beneath
the pin tool at different
distances from the interface.
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temperature is below the melting point of Al alloy,
since FSW is a solid state process and the character-
istic of the welding region are those of a solid state
welding. Considering the maximum temperature
achieved in the nugget below 600 °C, the temperature
in the 316L steel could be also reasonably estimated
not to exceed 600 °C. The measurement of tempera-
ture in a study of the welding of Al/Ti performed
using similar process parameters support this
assumption. During the welding of this couple, one
thermocouple was placed inside Ti, at 3 mm beneath
the Al/Ti initial interface. The results indicated that
the temperature peak occurs between 410 and 450 °C
in Ti. This result could be extrapolated to our work,
as titanium has a similar thermal conductivity as
316L steel. Consequently, we can suppose quite
comfortably that the temperature in steel is lower
than half its melting point Ty,

Taking into account these two factors, we can
examine the features of DRX to understand the type
of refinement that the steel underwent. On the one
hand, DDRX is a recrystallization phenomenon
which usually occurs during hot deformation of
alloys with low to medium SFE [45, 49]. Furthermore,
the mechanism involves serration of the initial grain
boundaries, local bulging of this boundaries, and
grow of the new grains by consumption of the
defected surroundings. New grains nucleate at grain
boundaries, a necklace structure may form in some
cases. On the other hand, CDRX occurs in all metallic
materials at T < 0.5 T, and in materials with med-
ium to high SFE also at T > 0.5 T, [43, 47]. During
the deformation, there is formation of low angle
boundaries, and a gradual evolution into high angle
grain boundaries (HAGB). The new grains are
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formed as a result of the gradual rotation of grains
with the work hardening, there is an accumulation of
dislocations at the boundaries, which produces a
continuous increase of misorientation across the
deformation induced boundaries, until the gradual
transformation to HAGB [44, 50].

The temperature beneath the pin tool during the
FSW of Al and steel, as explained before, is estimated
to be lower than 0.5 Ty, of the steel, and this material
has a rather low to medium SFE. These two param-
eters are characteristics of continuous DRX process,
which is probably the mechanism responsible for the
refinement of the steel in the region near the interface.

The examination of the microstructure corroborates
this hypothesis. There is neither evidence of grain
boundary bulging nor necklace formation character-
istic of DDRX. Features indicative of CDRX are the
presence of microbands, portions of boundaries of
high angle misorientation finishing inside the grains,
high density of dislocations in the new recrystallized
grains, and the formation of recrystallized grains in
grain interiors, all these features were observed in
our samples. This type of DRX has been already
observed in other stainless steels [48-52], as well as in
the Ni-20Cr alloy [53]. These alloys have similar
medium to low SFE, and the CDRX phenomena were
observed at temperatures below 0.5 Ty,

Identification of intermetallic compounds

Microstructure and phases through the interface
were studied by elemental analysis and electron
diffraction set ups using both SEM and TEM. Fig-
ure 6 shows a global view of the interface after the
welding using backscattered electrons. One can
observe on the steel side of the weld (light grey) the
presence of intercalated layers of different phases
which are distinguished by different contrast and
composition (black arrows). Individual layers corre-
spond to the steel itself (light grey) and to a com-
pound formed by diffusion of elements during the
thermomechanical welding (grey). One can also dis-
tinguish in the stirred zone a dispersion of particles in
the aluminum matrix (white arrows). The pin tool
stripped off steel particles from the interphase during
the welding and spread it in the nugget. In parallel,
diffusion occurs changing the composition and hence
the phase of the particles. The putative new phases
(both the layers and the particles) formed by the FSW
process were analyzed by EDS.
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interface
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Figure 6 SEM image, in chemical contrast, near the interface of
the welded region. Steel appears in light grey (bottom part of
image), aluminum nugget in dark grey (upper part of the image)
and intermetallic compounds in grey. The interface is highlighted
in green. The white arrows indicate the intermetallic particles
dispersed in the nugget, and the black arrows indicate the
intermixed layer of intermetallic compounds.

Concerning the nugget, around 20 particles of dif-
ferent sizes (2-8 pm) from the vicinity of the interface
were chosen for analysis. The results show that they
are rich in Al but contain also Fe, Mn, Si, a low
quantity of Cr, and in some cases a low quantity of
Mg (Table 2). The presence of elements as Mn or Si
has to be considered carefully in order to correctly
identify the new compound formed during the
welding. The deduction of the nature of the phase
formed cannot be directly established from the cal-
culation of the Al/Fe ratio.

Several experimental studies and thermodynamic
assessments agree that in the Al rich corner of the Al-
Fe-Mn-Si system there are three ternary phases and
one pseudo-ternay phase [54-56]. The crystal struc-
ture of the pseudo-ternary Al(Fe,Mn)Si is cubic. It
can appear, depending on the composition, as having
a simple cubic or body-centered cubic structure. In
order to explore these options, 13 of these particles
were analyzed by EBSD. Despite good quality of the
electron backscatter diffraction patterns (EBSP), the
discrimination between the crystal structures was not
possible. The careful analysis of the EBSP adding
more Kikuchi lines, to consider some bands which
have a weak contrast, in order to better assess the
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Table 2 Elemental composition range (in at.%) of the IMC particles embedded in the Al matrix. The Mn to Fe ratio is also reported

Al

Si Cr Mn Mg Fe Mn/Fe

IMC particles embedded in the Al matrix, in the nugget

77.0-79.6

4455 0411 4460 0-1.6 8.6-11.1 0.5-0.6

differences between the space groups, was not
successful.

The Mn/Fe ratio is a variable which seems to be
crucial in the transition between the simple cubic
structure with the Pm-3 space group and the body-
centered cubic one with the Im-3 space group. In
another words, changes of the Mn/Fe ratio drive an
order—disorder transition. The phase has a simple
cubic structure with Pm-3 space group, which chan-
ges to the body-centered cubic with Im-3 space group
with increasing Fe concentration, i.e., decreasing the
Mn/Fe ratio [56-58]. The ratio at which the transition
occurs has been studied by several authors [57-59].
They all concluded that a low Mn/Fe ratio favors the
body-centered cubic structure while the high ratio
favors the simple cubic one. Donnadieu et al. [58]
reported the ratio between 1 and 3, Yoo et al. [57]
concluded that the ratio depends on heat treatment
and that the transition occurs at 1.6, while the critical
value for Kim et al. [59] lies between 0.11 and 0.66. It
is interesting to point out here that these studies were
performed for Al alloys and that the phases are
particles which precipitate due to the presence of
alloying elements.

The above explanation seems to indicate that the
IMC could have a cubic structure with Im-3 space
group, as the Mn/Fe ratio in the analyzed particles is
very low, between 0.5 and 0.6 (Table 2). In order to
investigate more precisely these intermetallic com-
pounds and to discriminate between the two possible
structures, TEM observations were performed in a
region containing an intermetallic particle dispersed
in the stirred zone as well as in the region with
intercalated layers of different phases (Fig. 6). A
global view of the region studied is presented in
Fig. 7. The region corresponding to the stirred zone is
highlighted in red, the region corresponding to steel
in blue. In the stirred zone, we can observe an
intermetallic particle, while in the steel region the
intercalated layers can be distinguished by different
grey contrast. A closer view of the region evidences
that the intermetallic layer consists of nanocrystals.

Several electron diffraction patterns were analyzed
in order to identify the crystal structure of the parti-
cle. The electron diffraction patterns along the [111]
and [113] zone axes are presented in Fig. 8a and b,
respectively. The diffraction patterns for the Im-3 and
Pm-3 space groups, simulated using the JEMS soft-
ware [60], are shown for comparison. The simulated
patterns are practically identical for these two orien-
tations; hence, it is impossible to conclude about the
correct space group. In order to distinguish between
these space groups, the crystal must be oriented in a
specific direction so as to highlight the differences in
extinction conditions for each structure. Figure 9
shows the [112] axis of the same particle and the
corresponding JEMS simulation for the two different
space groups. The simulated pattern shows that there
is a crucial difference in this case. While all reflections
are permitted for the Pm-3 space group, for the Im-3
space group the reflections for which i + k + Iis odd
do not appear. From this it can be concluded that the
phase observed is cubic with the Im-3 space group
and the unit cell parameter of about 12.6 A. All par-
ticles analyzed using EDS in SEM are in the same
range of composition as the one analyzed in TEM.
More significant, the Mn/Fe ratio of all particles,
which is an important parameter in the determina-
tion of the phase is very low, not higher than 0.6.
Taken into account these two facts, we conclude that
the particles at the interface with similar composition
correspond to o—Al(Fe,Mn)Si, as the one analyzed in
TEM, with cubic structure and Im-3 space group.

On the other hand, the region with intercalated
layers also represents a new compound, but the
composition is slightly different from the particles.
Namely, the concentration of aluminum is higher,
while the Mn concentration is much lower, and no
Mg was detected in this region (Table 3).

The layers containing intermetallic compounds
with grains of nanometer size were also studied
using TEM. The grains of IMC in the outer layer, in
contact with the Al alloy, are equiaxial, while those in
contact with the steel (inner layer) are more
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Figure 7 TEM image
showing the global view of the
microstructure at the interface
of the welding. The nugget
contains small Al grains and
one intermetallic particle (in
the lower/right part of the
image). The steel side of the
welding in which the layers of
intermetallic are intermixed is
located at the upper/right part
of the image. The interface is
marked by green arrows.

J Mater Sci (2023) 58:5516-5529

steel (dark contrast) + layers of nanometric
intermetallics particles (indicated by e)

Im-3 (e) . Pm-3
; f s
Im-3 ® S

Figure 8 Experimental selected area diffraction patterns (SADP) of an IMC particle located near the interface for the [111] (a) and [113]
(b) zone axes, and simulated patterns at the same orientations for Im-3 (c), (d) and Pm-3 (e), (f) space groups.

columnar, as can be observed in Fig. 10a. The ele-
mental mapping in Fig. 10b shows the distribution of
Al, Mg, Fe, and Cr in a region near the interface.
Here, steel is at the bottom, the intermetallic layer in
the middle, and the Al alloy at the top of each scan.
Al is located, as expected, in the IMC layer and the

@ Springer

nugget, while Mg is concentrated inside the nugget.
The distribution of Mg allows us to identify the
nugget/IMC interface, which is visible also on the Fe
map (black arrow). Fe and Cr are principally present
in the steel. Using these two mappings as well as the
map of Al, one can easily locate the steel/IMC
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Im-3
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(c) Pm-3

Figure 9 SADP of one IMC particle, view along the [112] zone axis (a). Corresponding patterns simulated using the JEMS software

for Im-3 (b) and Pm-3 (c) space groups.

Table 3 Elemental analysis of -
the layer between Al and 316L Al Si Cr Mn Fe
Layer of IMC nanoparticles 88.1-89.4 3.3-5.1 23 0.3 3.8-3.9
Al/IMC g _ intermetallic o }Al nugget
interface outer layer z &
é E ] IMC layer
4
intermetalli =
intermetallic 3
IMC/steel inner layer NS g
interface —> 8 g
_— = «—» steel
Fe 400nm Cr

[010] axis

AlysFe,

)

Figure 10 TEM study of the new compounds formed in the steel
side of the joint (at the interface, intermixed layer): image of the
intermetallic layer with nanometric grains (a), EDS map of some

interface, which is very sharp (violet arrow). The
distribution of elements in the intermetallic layer is
uniform; no clear difference between the inner and

[110] axis

(d)
representative elements near the interface (b) identification of the
phases in the IMC layer: outer layer (c) and inner layer (d).

AlsFe,

outer layer of IMC was identified using the elemental

maps.
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Figure 11 Schematic
representation of principal
features of the interface.

Several electron diffraction patterns were collected
from the IMC layer, and as the grain size is nano-
metric, the diffraction patterns almost always contain
reflections from several grains. The evaluation of
several diffraction patterns indicated that the outer
phase corresponds to Al;3Fe; with a monoclinic
structure and space group C2/m. In Fig. 10c, which
depicts the [010] zone axis of this phase, we can
observe some streaks possibly related to the presence
of planar defects, as already reported by Tsuchimori
et al. [61] and Krivska et al. [62]. The planar defects
are lying on (100), (20-1), and (001) planes, and the
twinning planes have been reported as (100), (20-1),
and (001). Some of these structures were observed by
high resolution TEM in [61]. The presence of nan-
otwins in the Al;3Fe; phase has been also recently
observed by Xu et al. [63]. Concerning the phase close
to the steel, it was identified as AlsFe, with
orthorhombic structure and space group Cmcm
(Fig. 10d).

These two phases, unlike the pseudo-ternary
phase, have been already observed during FSW of
aluminum alloys and steels by using various meth-
ods, namely EDS, XRD, and TEM [25, 28, 42, 64-66].

By using various electron microscopy techniques
addressing different scales, we assessed the struc-
tural changes of the welded region, giving descrip-
tion of the microstructure of the two base alloys and
the formation of new phases in different locations.
Figure 11 yields a schematic summary of the present
results showing all the microstructural features
revealed in this work.
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pseudoternary intermetallic compound
in the stirred zone (particles of few microns size)

refinement of the Al microstructure in the
stirred zone (grain size - few microns)

intermetallics compounds at the interface
(submicrometer grain size)

refinement of the stainless steel beneath the
pin tool (submicrometer grain size)

Conclusion

The interface of the FSW of dissimilar Al alloy and
316L steel has been investigated by electron micro-
scopy and orientation imaging. The results reveal
details of dramatic material modifications present on
different length scales. The main results, concerning
the grain refinement of the initial microstructure and
the formation of new intermetallic phases, can be
summarized as follows.

e The region in the stirred region is refined after
welding, the grain size is reduced by more than
one order of magnitude, and the final average
grain size is about 5-6 pm.

e The microstructure of the 316L steel beneath the
initial interface is also refined, and the reduction
in grain size is more dramatic than in the stirred
zone. The grain size is reduced by at least two
orders of magnitude with respect to the base
metal, with grain sizes on the submicrometric
scale. The refinement is attributed to a continuous
dynamic recrystallization.

The intermetallic compounds present as a layer,
with grain of submicron size, were identified as the
monoclinic Al;3Fe; phase and the orthorhombic Als.
Fe, phase. On the other hand, the type of IMC, pre-
sent as particles in the stirred region, indicated the
formation of a pseudo-ternary phase o—Al(Fe,Mn)Si
(a cubic phase with the Im-3 space group), which is
for the first time reported in this kind of dissimilar
welding.
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